The goal of this paper is to better understand how the neuromuscular system of a pilot, or more generally an operator, adapts itself to different types of haptic aids during a pitch control task. A multi-loop pilot model, capable of describing the human behaviour during a tracking task, is presented. Three different identification techniques were investigated in order to simultaneously identify neuromuscular admittance and the visual response of a human pilot. In one of them, the various frequency response functions that build up the pilot model are identified using multi-inputs linear time-invariant models in ARX form. A second method makes use of cross-spectral densities and diagram block algebra to obtain the desired frequency response estimates. The identification techniques were validated using Monte Carlo simulations of a closed-loop control task. Both techniques were compared with the results of another identification method well known in literature and based on crossspectral density estimates. All those methods were applied in an experimental setup in which pilots performed a pitch control task with different haptic aids. Two different haptic aids for tracking task are presented, a Direct Haptic Aid and an Indirect Haptic Aid. The two haptic aids were compared with a baseline condition in which no haptic force was used. The data obtained with the proposed method provide insight in how the pilot adapts his control behavior in relation to different haptic feedback schemes. From the experimental results it can be concluded that humans adapt their neuromuscular admittance in relation with different haptic aids. Furthermore, the two new identification techniques seemed to give more reliable admittance estimates. * Master thesis student,
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I. Introduction
T he teleoperation of an aerial vehicle is a very complex task, and the use of haptic feedback on the control stick for complementing the visual information has been shown to improve the pilot performance.
1, 2, 3
Pilots use the haptic aid to adapt their control behaviour in order to increase their performance. It is a common understanding that admittance, which is defined as the causal dynamic relationship between the force acting on the limb (input) and the position of the limb (output), could play an important role: humans are able to modify their admittance in relation to the task they perform. Most experimental studies concentrated on neuromuscular adaptive behaviour in the so called "classical tasks" (position, force and relax task). 4, 5, 6, 7, 8, 9 These studies did not investigate the changes in pilot admittance during more complex tasks; furthermore the visual response was considered irrelevant.
Other studies showed the variability of admittance in a pitch control task with visual feedback.
10, 11
Recently the theories about the adaptability of admittance with the task were applied to a car driver with haptic aid. 12 The authors estimated the admittance of the ankle-foot complex while performing a carfollowing task, separating the driver's responses to visual feedback from those in response to designed force disturbance. In this case, a Direct approach (DHA) was used for the design of the haptic aid; in this experiment, the pilot's neuromuscular system had to be compliant with the force felt on the gas pedal to benefit from the haptic aid and achieve the task. A different haptic approach is the Indirect Haptic Aiding (IHA), 13 that helps the pilots indirectly by letting them know through the sense of touch what is happening in the environment. IHA tries to exploit pilot's natural counteracting responses to what he perceives as a disturbance. In general, this haptic aid provides a force that has the opposite sign with respect to the one required in order to achieve the task; the operator has to oppose to the haptic force to yield adequate performance.
Various pilot models were developed that describe the characteristics of the human operator in response to visual stimuli in several tasks (compensatory task, pursuit task, with or without motion cues).
14, 15 Many different model structures were derived to represent the pilot's response to visual errors and perceived accelerations, such as the Crossover Model, the Extended Crossover Model, the Precision Model. 16 These models usually do not distinguish between the human pilot and the control inceptor: these are lumped together and there is no indication about the pilot's control strategy in response to the haptic feedback.
In order to include the contribution of the haptic aid, the neuromuscular system model needs to be separated from the control device model. Multi-loop models can be used for this purpose. Separating the neuromuscular system model from the control device allows supplementing the pilot model with measure-ments for arm admittance. This type of models was already applied in different scenarios, like pitch tracking task with different side stick configuration 11 and car-following task with DHA.
12
This paper presents a multi-loop model capable of describing the pilot behaviour during a pitch tracking task with different haptic aids. The goal is to better understand how the pilot adapts the neuromuscular and visual response in relation to different types of haptic cues. In addition, the pilot open-loop transfer function is analysed and compared with the well-documented behaviour without haptic aids.
Multiloop identification methods are needed in order to estimate both the arm admittance and the visual response. The technique used in previous works 11, 12 is based on cross-spectral density estimates and allows the determination of the desired transfer functions, but assumes some hypotheses which are not always fulfilled. Two different approaches which do not require the same assumptions, are investigated in this paper. The first is based on polynomial linear time invariant systems, in particular Auto Regressive with eXogenous input models (ARX). The second one is still based on cross-spectral density estimates, but adopts a different procedure to compute the pilot admittance.
The paper is structured as follows: first we introduce and discuss a pilot model that is suitable for the purposes of this paper; then, the theoretical basis of the three adopted identification methods are illustrated, followed by a set of Monte Carlo simulations performed in order to investigate their performances. Furthermore, an overview of the different haptic aids used in the experiment is presented. Subsequently, the experimental setup is discussed and the results are given. Finally, conclusions are drawn.
II. Multichannel pilot model
The human operator is a nonlinear biological system, but it is usually approximated it with a quasi-linear time-invariant model with a remnant signal that describes the nonlinear behaviour. During manual-control tasks, human operators uses information perceived through different perceptual channels; in this paper, pilot control behaviour during compensatory pitch control tasks is investigated. The operator is presented with a display of tracking error alone. No informations about target signal x tar and system position x are shown to the pilot, but only the error e between them.
Several pilot models have been extensively used in the study of human control behaviour during a compensatory tracking task. 17, 16, 15 In those models (figure 1), the arm's neuromuscular system (NMS) and the control device (CD) are lumped together. The visual error e is the only input for the operator and it generates the command signal u for the controlled element (CE) passing through the visual system (VIS) and the lumped block NMS+CD. An additional remnant signal N is added to the pilot linear response to model nonlinearities. McRuer 17 theories assess that the frequency response function (FRF) of the pilot H p , which includes both pilot NMS and stick dynamics, combined with the FRF of the controlled element H CE approximate the dynamics of a single integrator around the crossover frequency ω c :
where the equivalent pilot time delay τ e accounts for phase lag around crossover frequencies. When haptic aid systems are involved, the pilot receives additional information on a possible control strategy. It is not known how the pilot adapts his behaviour to different haptic aids and whether McRuer theories are still valid when haptic aids are applied. Pilots can feel the haptic aid through the control device, therefore the haptic input, which may be an additional force on the stick or a variation of its characteristics, must be considered as another input for the human operator. This could be modelled with a multiloop (or multichannel) model. Multichannel models have already been used to describe the pilot behaviour in different experimental setup, such tracking with simulator motion. 18, 19 In order to describe the influence of the haptic feedback on the pilot, the control inceptor needs to be separated from the neuromuscular system. A pilot model in which the stick and the pilot are not lumped together is shown in figure 2 . Figure 2 . Pilot pitch-tracking control loop, including haptic aid. The neuromuscular system is described by the admittance (ADM) and is modelled separately from the control device (CD).
The pilot is described by a two inputs and single output system. Pilot control action F hum is shown to be the sum of three different contributions: the pilot's visual response F vis , produced by the visual system V IS with visual error e as input, the neuromuscular response F adm to the motion of the stick x CD , and the remnant N . The neuromuscular system is described by the inverse of the arm admittance ADM, which is defined as the causal dynamic relationship between the force F ADM acting on the arm (input) and the position of the arm x CD (output). The haptic aid is represented by the HAPT block, and generates forces depending on the dynamics of the visual error e. Various haptic systems will be described in section V. Similar models were used to describe pilot pitch-tracking task without haptic feedback. 20, 11 The same scheme was used to model the leg car drivers during a car-following task with haptic aid. 21 The signal x N P S represents an optional neutral point shift (NPS); this will be used to implement the IHA in section V.
III. Identification methods
It is well known in literature that humans are able to adapt their behaviour in relation to the so called classical task they perform. 4, 22 Classical tasks require the human to minimize the stick deviation by resisting stick forces (position task, PT), to stay totally relaxed in face of continuous stick forces (relax task, RT) and to minimize forces applied to the stick (force task, FT). As described in previous studies, 21 humans are able to change their neuromuscular settings also during a tracking task, for example depending on whether or not there is haptic aid. Only a direct haptic approach was investigated in that work (refer to section V for further information). This paper investigates how pilots adapt neuromuscular and visual settings in relation of different types of haptic aid, and how the pilot open loop transfer function varies by using haptic cues. Identification techniques are needed to obtain both neuromuscular and visual systems estimates for a multi-loop pilot model with neuromuscular system separated from control device (figure 2).
This section presents an overview of the techniques that will be used and compared against in this paper.
III.A. Identification for classical tasks
During classical tasks the contribution of visual system can be considered negligible (F vis = 0) as the task instruction is purely force related, and the humans can be described by a single-input and single output closed loop system. The model in figure 2 can be rearranged as in figure 3 : Considering this model, well-known techniques are available for identification of the human admittance.
7, 5
The signal F dist represents the disturbance forcing function, that is a force applied to the CD for identification purposes only. F dist was designed as a multisine generated offline in the frequency domain at a set of frequencies labelled set f d . 9 The phase was randomized to yield an unpredictable disturbance signal, and a cresting technique was applied to avoid peaks in the time domain. 23, 9 The signal amplitudes was generated using "Reduced Power Technique", 24 that enables admittance estimation for a large range of frequencies without influencing low-frequency behaviour. Figure 4 shows the power spectral density (PSD) and time realization of the force disturbance. The values of PSD at low frequencies (FP) are higher than the values at high frequencies (RP), such that the higher frequencies does not influence the control behaviour but still allow estimation at high frequencies.
The relationship between the human force F hum (input) and the stick deflection x CD (output), i.e. the arm admittance, can be estimated as:
The termŜ F dist x CD (f d ) is the estimate of the cross-spectral density of disturbance force F dist and stick deflection x CD , whereas the termŜ F dist F hum (f d ) is the estimate for the cross-spectral density of disturbance force and human force F hum . The squared coherence functionΓ 2 (·) can be used as a measure of signal to noise ratio and linearity of the admittance estimate:
The coherence can be 1.0 if the system under study is actually linear and decreases toward 0.0 with noise and unmodelled nonlinearities.
III.B. Identification for the tracking task
Previous research 14, 18, 25, 26 already investigated identification methods for models of the pilot during a tracking task. These works considered stick and neuromuscular dynamics lumped together. The estimation becomes more involved when the pilot is modelled with separated CD and neuromuscular system, as in figure 2. This approach was used for a car-driver in a car-following task, 21 and for a pilot in a pitch tracking task.
11 The identification method used was based on cross-spectral density estimates. This technique is capable of measuring neuromuscular behaviour while performing a vehicular control task, but requires the assumption that the forcing forces used for admittance identification do not appear in the visual feedback error; this assumption,as it will be described and discussed later, is difficult to fulfil in a tracking task.
In this paper, two techniques different from the well known approach will be developed in order to manage the case in which the hypothesis is not fulfilled. In the first one, polynomial models are used to describe the dynamics of the measured data. This technique was recently applied with success for the identification of pilot models with motion cues 18 and can be extended to the case with haptic aid. An ARX model is fitted to the measured data and the pilot admittance and other response functions are calculated analytically from this estimated model. The second one has not been applied before for the pilot admittance and visual system identification. In this method, two different FRFs are estimated using cross-spectral density estimates and the desired admittance and visual FRFs are obtained using an interpolation procedure and diagram block algebra.
Disturbance signal design
The design of the disturbance signals was chosen in the same way for all the presented identification methods. Two different signals, i.e. a target and a disturbance forcing function, are needed to allow for separate modelling of pilot visual response and arm admittance. As shown in figure 2 , the target signal x tar represents the reference trajectory that needs to be followed, whereas the disturbance signal F dist represents the additional force in the stick for identification purposes.
Simultaneously applying two forcing signals requires a method that allows to distinguish the contribution from each signal in the measurements. A well documented method 12, 27 consists of separation of the signals in the frequency domain. Different sets of discrete points in the available frequencies range were assigned to the two signals, in order to distinguish the response to each signal during the analysis. In this paper, each set of frequency points was composed by two adjacent frequency points to allow for frequency averaging. The first group of two frequency points was assigned to F dist , the second group was assigned to x tar , the third and the fourth group did not contain any power, the following group was again assigned to F dist , and so on. Figure 4 shows the frequency separation of the two forcing signals. For the target position x tar , a range between 0.001 and 3Hz was selected. The distribution of amplitudes was chosen with the following filter:
Random phases were chosen to obtain unpredictable behaviour and a cresting technique was applied to avoid amplitude peaks in time realization. The force disturbance F dist was similar to that used in classical tasks. In accordance with the 'Reduced Power Technique', 24 it contained full power up to 1 Hz and reduced power up to 10 Hz. The full power gain FP and the reduced power gain RP were calibrated to reach a trade-off between good signal-to-noise ratio in the measured signals and low influence on the human admittance. The FP and RP gains were minimized heuristically via tuning experiments aimed at minimizing the influence of the disturbance on the human operator behaviour and on the estimated admittance, while providing the highest possible coherence function.
The multisine time signals were obtained using the inverse Fast Fourier Transform.
9 Figure 4 shows the time realisations of F dist and x tar , cut to a length of 90 s. Both signals were smoothed at the beginning and at the end of the time interval, in order to avoid transient effect. In the experiment, data were logged at 100 Hz, resulting in 9000 samples. Only 8192 (2 13 ) were used for data analysis.
Cross-spectral densities
A possible approach for identification of admittance and visual response uses cross-spectral density estimates (CSD). In the rest of the paper, we will refer to this technique as CSD-based method. This approach has been previously used for pilot estimation in a pitch tracking task 10, 11 and for car driver estimation in a car following task.
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In a closed multi-loop system like in figure 2 , the pilot admittance can be calculated at frequencies f d using the same procedures used for classical tasks:
whereŜ
are the estimated cross-spectral density between F dist and x CD and between F dist and F adm Usually, it is not possible to measure F adm , but only the total human force F hum . If the visual response F V IS does not contain power at frequencies f d , then only F adm significantly contributes to the human force F hum measured at f d frequencies. Therefore, if the power content of the tracking error e is almost zero for f d frequencies, it is possible to estimate the admittance as in Eq. (2) . Clearly this procedure estimates the admittance assuming linearity of the model. The squared coherence function in Eq. (3) was used to check the validity of this hypothesis. The pilot visual response H V IS , i.e. the FRF of the block VIS in figure 2 , can not obtained directly with the CSD-based method. On the contrary, the pilot open-loop transfer function, defined as the transfer function from the visual error e to the position of the controlled device x CD , can be estimated in the frequency domain using cross-spectral density estimates. The pilot open-loop FRF at frequencies f t can be estimated as:
Also for the open-loop FRF, the coherence function was used as a measure for the reliability of the model:
Summarizing, this method assumes that the visual loop can be cut for admittance estimation, because the tracking error has no power at frequencies f d . If this hypothesis is not fulfilled, this method could give unreliable estimates. Two different identification methods were developed. In these methods, the admittance and visual response are estimated simultaneously, without assuming a complete frequency separation between the disturbance force F dist and the visual error e.
Linear Time-Invariant models
The identification of the admittance and visual response can be performed also using linear time-invariant models (such ARX, ARMAX, OE, BJ). Consider the multi-input pilot model in figure 2. In this case the CD deflection x CD can be written as the sum of three contributions, one caused by the visual error, one by the force disturbance, and one by noise:
where H 1 , H 2 , and H N are the transfer functions respectively from e, F dist , and N to x CD . This system has the same structure of multi-input-single-output (MISO) polynomial linear models.
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Therefore, given the measurement of x CD , e and F dist , a prediction error method can be used to fit the data with a polynomial model. In this work, ARX models were used to fit the data:
With ARX models, the polynomial orders and the parameter values can be easily found as the optimal solution of a proper cost function (like the Akaike final prediction error). 28 In order to avoid overfitting of the parameters, the measurements were divided in two parts in the time domain. The first one was used for model identification, the second one for model validation. The disadvantage of the ARX models is that they use a predefined model structure in which all the transfer functions of the system have the same set of poles. The coupling between the deterministic and the stochastic part of the system can be unrealistic.
The frequency function values of the arm admittance, visual response and open loop transfer function can be easily obtained from the transfer functions H 1 and H 2 using block diagram algebra:
where H k represents the FRF of the block k.
An overall validity index for the ARX models is obtained by the Variance Accounted For (VAF), which gives informations about the capability of the model to repeat the measured output signals given the same inputs. The VAF is defined as:
where x CD (t k ) andx CD,ARX (t k ) represent respectively the measured and the simulated stick deflection (k indexes the time samples). A VAF of 100% indicates that the ARX model completely describes the measured system response, whereas lower values are an indication of a worse model fit due to noise, nonlinearities, or other unmodelled system characteristics. In summary, the ARX method has the disadvantage of using a predefined model structure (linear ARX model), but the advantage of not requiring any assumptions on the power spectrum of the visual error.
Multi-loop cross-spectral densities
In order to avoid rigid assumptions about the model structure, a third identification method was developed. This method uses cross-spectral density estimates as the CSD-based method, but it does not require any hypotheses about the power content of the visual error e. In the rest of the paper we will describe this method as "CSD-ML method".
Consider the pilot model shown in figure 2. The FRFs from the two forcing functions x tar and F dist to the CD deflection x CD can be estimated using cross-spectral density estimates: 29, 23 
Since the two estimates ofĤ tar andĤ dist are obtained for different sets, i.e. f t and f d , a linear interpolation between neighbouring frequencies was used, assuming "smooth" transfer functions, to extrapolate estimates of both FRF for all the frequency points f d and f t . It should be noted that, considering the disturbance forcing functions designed as in section III.B., f d ranges from 0.01 Hz to 10 Hz, whereas f t contains only frequencies below 3 Hz. Thus any extrapolated value ofĤ tar above 3 Hz can not be considered reliable. This means that with the CSD-ML method we could reliably estimate the admittance only at frequencies below 3 Hz. Furthermore, the admittance estimate can not considered accurate even at the frequency f d1 , that is the minimum frequency point of f d . In fact, as f d1 is lower than the minimum frequency point of f t , the estimation ofĤ tar (f d1 ) is obtained extrapolating the values ofĤ tar (f t ). It is likely that the extrapolation does not give reliable values as linear interpolation between neighbouring frequencies.
The FRFs of pilot admittance, visual response and open-loop transfer function can then be estimated using diagram block algebra:
This technique does not assume any predefined model structure and does not make any hypothesis about the power content of the visual error e. The disadvantage, at least in our case, is that it gives reliable estimates only for low frequencies.
IV. Off-line simulations
This section presents a comparison and validation of the three identification techniques presented in section III.B. A Monte-Carlo simulation using a model of the pilot's visual response and admittance was used for validation. The model presented in figure 2 was simulated with 100 different realizations of the remnant noise, in order to investigate the robustness of the three identification methods. The remnant noise was obtained as Gaussian white noise n w filtered by a third-order-low-pass filter:
where ξ n = 0.26 and ω n = 12.7 rad/s are the remnant-filter damping factor and break frequency, respectively. The gain K n = 2.12 was selected in order to obtain the ratio 0.5 between the power of the linear pilot response F lin (F lin = F vis − F adm ) and the remnant power. Figure 5 shows typical time realisations of F lin and N for one simulation. Each simulation used the same parameters for all the blocks in the model. The CE dynamics was modelled by:
The control device CD was described by the identified model of the real stick used during the experiment (sectionVI.B):
The values of the parameters of the pilot admittance and visual response were derived from previous work,
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in which a non-parametric estimate of the admittance, and a parametric estimate of the visual response, were obtained for pilots in a pitch tracking task. The arm admittance was modelled by: 
The resulting admittance is similar to that we found successively in our experiments. The model of the visual response was given by a gain, lead-lag filter for equalization and a time delay:
where K v = 20 N/rad, T lead = 0.3 s, T lag = 0.04s, and τ v = 0.2701 s. The parameter values were adapted from those in the cited reference so that the time domain realizations of the simulated signals were more similar to those measured during the experiment (section VII). No haptic aid was used during the simulations, thus H hapt = 0. The design of the forcing functions F dist and x tar was largely discussed in section III.B. The two input signals F dist and x tar were chosen as multisine signals generated off-line and separated in the frequency domain.
The CSD-based, ARX, and CSD-ML identification methods were applied to the output of the 100 simulations with different noise realizations. Each simulation lasted 81.92s. A typical power spectral density PSD of the visual error e is given in figure 6 . The contributions of each forcing function are easily distinguishable. The cyan crosses indicate the frequencies where the target position x tar had power and the red crosses is where the force disturbance F dist had power. The force disturbance F dist has a large influence on the visual error e, thus the hypothesis of the CSD-based identification method is not fulfilled. Therefore, the latter two methods, ARX and CSD-ML, should estimate the frequency response of the admittance better than the CSD-based approach.
The admittance estimates given by the three identification methods are shown in figure 7 . As expected, the CSD-based approach does not give correct estimates of the admittance at low frequencies. The power content of e is not negligible at frequencies f t and thus influences the admittance estimation in the CSDbased method, leading to unreliable estimates. On the contrary, both ARX and CSD-ML methods give good results. As expected and motivated in section III.B, the CSD-ML does not give reliable admittance estimate at the minimum frequency value of f d . The same issue will be observed with the experimental data.
The pilot visual response can be estimated only with ARX and CSD-ML approaches; figure 8 shows that both methods give reliable estimates.
Finally, the estimated open-loop transfer functions well fit the simulated one for all the three identification methods (figure 9). 
V. Haptic aids
Haptic aids refer to systems that provide touch sensations to their operators, in addition to conventional visual informations. Haptic technology has been used in many fields, like telerobotic controls, 31 virtual reality 32 and so on. Several applications of haptic cues in aerial vehicles operations have been analysed in literature, e.g. a vibrating wristband was used to alert pilot about dangerous situations.
33
Haptic information can be provided to vehicle pilots through an active control device: the haptic system applies to the stick external forces or sensations (due to stick stiffness changes for instance) in order to make the task easier for pilots. This kind of haptic aids can be divided in two philosophies:
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• Direct Haptic Aid (DHA): the class of those haptic aids that produce forces in order to help the pilot suggesting the right control action. The operator has to be compliant with the force in order to achieve the task.
• Indirect Haptic Aid (IHA): the class of those haptic aids that aim at increasing the pilot situational awareness (e.g. of the existence of a tracking error) leaving him full control authority. The operator has, in general, to oppose to it in order to achieve the task.
It is clear that these two class of haptic aids are complementary and in most cases an IHA system may be derived from a corresponding DHA by inverting the sign of the feedback force and shifting of the neutral point of the control device. DHA approach has been largely applied in previous works. A direct haptic aid was used to support the car driver during a car following task. 21 Several studies investigated the use of force-stiffness feedback, i.e. a combination of force offset and extra spring load, in UAV teleoperation for obstacle avoidance. 34, 35 IHA approach was applied to wind rejection in remotely piloted vehicles, 36 obstacle avoidance tasks, 1 and path following tasks.
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In this experiment, haptic aids for pitch tracking task with compensatory display are investigated. The haptic cue was designed as a linear system that generates an additional force based on the visual error dynamics (HAPT block in figure 2 ). Both DHA and IHA approaches were analysed.
The aim of the design of the DHA was to develop a system that would try to mimic the pilot control strategy. In this way, the pilot should trust the haptic aid and be compliant with the haptic forces. If the visual error dynamics are such that the pilot should push the stick forward, DHA produces a force on the stick in the forward direction. Figure 10 shows an example of the haptic force given by a typical DHA. The IHA was designed with the same dynamics of DHA, but opposite in sign ( figure 11 ). This type of aid would result in a tendency of the aircraft to fly away from the tracking path if the pilot is not on the loop. In order to obtain a straight trajectory in that case, the indirect force feedback was changed in a shift of the neutral point of the stick. This approach has been already adopted by Alaimo 1 and by De Stigter.
If the visual error dynamics need a control action in the forward direction, IHA will shift the neutral point in the backward direction and the pilot will feel a force in the direction shown in figure 11 . If the pilot tries to oppose to the haptic forces, he/she will give a forward control action and the CE will follow the tracking path. On the contrary, without a pilot control action, the stick will change its deflection but the CE will continue to flight straight. This approach was found to be easier to exploit by pilots: even if the pilot thinks only to stop the stick in the centre, the neutral point shift given by IHA will generate a control action for the CE, reaching good performances. Figure 11 . IHA approach for pitch tracking task. With a positive pitch error, the pilot has to push the stick forward, then the haptic aid generates a force that pulls the stick backward, and moves the neutral point backward as well. By this latter expedient no actual command is given by the aid to the aircraft without pilot intervention.
VI. Experiment

VI.A. Hypotheses
The experiment aims at investigating the behaviour of the human pilot in relation with different haptic aids. The hypotheses were that:
1. the variation of the haptic aid has a significant effect on the admittance and the visual response of the pilot.
2. the performance and the effort of the pilots vary depending of the haptic aid.
ARX and CSD-ML methods give consistent admittance estimates. The admittance estimates given by CSD-based method is different if the assumption about the visual error e is not fulfilled
VI.B. Apparatus
The experiment was performed using a control-loading system (WAS) from Wittenstein Aerospace & Simulation GmbH, Germany. WAS includes a cyclic stick, a collective stick and directional pedals in order to replicate helicopter control (the WAS can be seen in figures 10 and 11 ). The devices can be used to simulate a wide range of control dynamics, and can provide force-feedback to the pilot, i.e. he/she can sense a force feedback in the end-effector. During the experiment, only the cyclic stick was used. The roll axis of the stick was fixed. No armrest was present for the arm that controlled the side stick. Subjects were asked not to use their legs as support. The WAS was programmed to implement a mass spring damper system, and its transfer function H CD was obtained by frequency domain identification:
Participants watched the primary flight display (PFD) shown in figure 12 . For all the conditions, only the pitch angle varied. The display was refreshed with a rate of 100 Hz.
All the components were driven by a real-time computer running xPC Target, which is a real time environment produced by MathWorks. The simulation ran at 100 Hz, including the generation of the forcing functions and the data measurements.
VI.C. Subjects
Eight subjects participated in the experiment, seven males and one female. All participants were Ph.D. students at the Max Planck Institute, some had general experience with flight simulators and closed-loop control tasks. A financial compensation was offered for their participation.
VI.D. Experiment protocol
Before starting the experiment, the subjects received instructions about the objective of the experiment. The experiment was split in two different parts, the classical tasks and the tracking tasks.
Classical tasks
The first part of the experiment allowed to quantify the range over which subjects could adapt their admittance. It consisted of admittance measurement while performing three different tasks in face of continuous disturbance force they could sense on the stick (so-called "classical tasks"):
1. relax task (RT), in which participants were asked to relax their arm and adopt a passive behaviour.
The display was turned off to prevent any distraction.
2. position task (RT), in which participants were asked to minimize the stick deviation by resisting the disturbance force. The display showed the stick deviation.
3. force task (FT), in which the task was to be compliant with the disturbance force and to minimize the force applied to the stick. During the first trials, the display showed the force applied to the stick. Only after some training, the display was switched off.
To avoid learning effects, the order of the tasks was randomized between subjects using a Latin square matrix. 38 Each condition was recorded at 100 Hz, lasted 90s, and was repeated three times for averaging purposes. This study investigated stationary behaviour, and, in order to remove any transient effect and for the FFT analysis, some samples at the beginning and at the end were eliminated, resulting in 8192 samples for data analysis.
The disturbance forces were designed as explained in section III.A. The power of the disturbance forces was scaled in an attempt to obtain the same standard deviation of the stick position for all the classical tasks. This is considered important because it should let the NMS work approximately at the same operating points, thus avoiding non linearities. For all the tasks, the same RP gain (high frequency components) was used, whereas the FP gains (low frequency components) were chosen as 1.5, 2, and 10 times larger the RP gain for FT, RT, and PT respectively.
During the experiment, the force F hum applied by participants to the stick and the stick deflection x CD were measured. The measurements were averaged in the time domain over all the repetitions in order to reduce the noise. The human admittance was then estimated according to the method explained in section III.A.
Tracking Task
In the second part of the experiment, participants were asked to track the reference pitch signal as accurately as possible. The PFD was used as a compensatory display, showing the error e between the reference pitch angle x tar and the actual pitch angle of the aircraft. The task was to keep the error as close to zero as possible ( figure 12 ). The system dynamics were chosen as:
Similar dynamics were used in previous studies; 30 at higher frequencies, the selected dynamics is similar to those of a double integrator, that is not very easy to control for the pilot. This dynamics should accentuate the differences in pilot performance between different haptic aid conditions. While performing the task, a continuous force disturbance signal F dist was applied to the stick in order to estimate the admittance of the arm. The two forcing signals F dist and x tar were designed as explained in section III.B. During the tracking task, the force disturbance signal F dist was tuned in order to reduce unwanted effects on the neuromuscular system while still allowing good signal-to-noise ratio (for the estimators); the resulting RP gain was 1.3 times larger the RP value used in the classical tasks, while the resulting normalized FP gain was 1.5.
Haptic aids were used to help the participants during the tracking task. Three different cases were investigated:
1. no haptic aid (NoHA): no haptic aid was used during tracking task. Together with force disturbance, the pilot felt the WAS stiffness and damping only.
2. direct haptic aid (DHA): the haptic aid suggested the right control action. Participants should be compliant in order to benefit from the haptic aid.
3. indirect haptic aid (IHA): the haptic aid consisted in a force in the opposite direction. Participants should oppose to the force in order to achieve the task.
The two haptic aids were designed with the same dynamics but opposite in sign:
In the case of IHA only, x N P S was set to:
while x N P S = 0 in the other cases. This dynamics was chosen in order to mimic the well documented 17 pilot control behaviour during a pitch tracking task without haptic aid. The aim was to replicate the human control strategy, such that participants could trust the haptic aid and be compliant with it during the DHA approach. Subjects did not know the type of haptic aid they were going to use. Each condition was repeated 8 times for averaging purposes. The order of the tasks and the time duration of the repetitions were designed in the same way as for the classical tasks. During the experiment, the force F hum applied by participants to the stick, the stick deflection x CD , and the visual error e were measured. The measured signals were averaged over all the repetitions, in order to reduce the noise. The arm admittance, the visual response, and the open-loop transfer function were then estimated using all the three identification methods presented in section III.B. Figure 13 shows the target pitch angle x tar and pitch angle of the controlled element x CE measured during NoHA, DHA and IHA cases (figure shows results for a sample participant). To quantify changes in the pilot control behaviour in the various experimental conditions, the root means square error (RMS) of time signal realisations was calculated. The RMS of a generic time signal r is defined as:
VII. Results and discussion
VII.A. Performance Parameters
where N represents the number of time samples. Figure 14 presents the RMS values and the 95% confidence intervals of the visual error e = x tar − x CE , the human force F hum , and the stick deflection x CD averaged over all the participants, that can be considered as a measure of performance. Using an ANOVA with repeated measures, the mean scores for the RMS of the visual error were statistically significantly different (F (2, 14) = 162.950, p < 0.05). Post hoc tests using the Bonferroni correction revealed that there was a significant difference between DHA and IHA and between NoHA and IHA (p < 0.05).
The tests also indicated a significant difference between NoHA and DHA (p = 0.021). The results showed a large increase in the performances with the IHA. As already discussed, the IHA system provides most of the control action. Even if the pilot does not make an active control action and tries only to hold the stick in the centre, he can reach good performance. With DHA, the RMS of the visual error significantly decreased with respect to NoHA as well. This indicates that both IHA and DHA help the pilot to perform better during the tracking tasks.
Considering the RMS of the human force, the ANOVA test indicated that there was a statistically significantly difference between different haptic aids (F (2, 14) = 5, 742, p = 0.015). A post-hoc test with Bonferroni correction revealed that the reduction in the human force from NoHa to DHA and the increase from NoHA to IHA were not statistically significant (respectively, p = 0.226 and p = 1). A statistically significant effect could be found instead between two groups, the IHA and the DHA (p = 0.009). During DHA the operators were more compliant and applied less force to the stick respect to IHA case. This indicates that less control effort is needed to achieve the task.
For the RMS of the stick deflection, the test showed a main effect of the type of haptic aid (F (2, 14) = 16.140, p < 0.05 ). Post-hoc tests with Bonferroni correction indicated a statistically significant difference between the IHA and the other two cases (p = 0.010 and p = 0.005 in the comparison with N oHA and DHA respectively). This means that, even though participants apply larger forces during IHA, the stick motion is smaller since the participants tend not to move the stick in a large range, but only to oppose to the haptic force; the result is less Work of the pilot in terms of control activity. Despite that, the IHA condition is rather tiring for the pilots, because they constantly have to co-contract their muscles.
VII.B. Admittance
Classical Tasks Figure 15 shows the admittance measured during classical tasks. The admittances was averaged over all the participants, and the shaded areas show the standard deviation. As expected, the admittance was higher in the force task, because the subject was asked to be compliant with the disturbance function. Again as expected, the subjects were stiffer in the position task, because they tried to oppose to the forces they felt in the stick. During the relax task, as known from literature, the humans adopted a passive behaviour and the admittance lay between the other two tasks. At higher frequencies, the differences became smaller, because the arm dynamics are more and more governed by the inertia. High squared coherences were found at all frequencies for all tasks. The results were found to be comparable with the results of previous studies. 
Tracking Task
The human admittance during tracking tasks with different haptic aids was estimated using the three different methods explained in section III.B. We expected the participants to be able to adapt their neuromuscular settings depending on the provided haptic aid. Figure 16 shows the admittance estimations given by the CSD method. The admittances were averaged over all eight subjects. High squared coherence values were found at all frequencies for all haptic aids, justifying the linearity assumption of the model. The figure shows a clear dependence of the subject admittance on the type of haptic aid. With DHA the humans were compliant with haptic forces, designed in order to suggest the right control action (higher levels of admittance as in the force task). With IHA the subjects tried to oppose to the haptic forces and became stiffer. The admittance during the NoHA case attained values between the two previous cases; the neuromuscular system was more stiff than with DHA and less stiff than with IHA. These results support the hypothesis that the humans are able to adapt their neuromuscular system in response to the type of haptic aid.
As seen in section III.B, the CSD identification method assumes that the visual error e does not contain power at frequencies f d where the disturbance force contains power. Figure 17 shows the PSD of the visual error e during NoHA tracking taks. Similar PSDs were obtained for DHA and IHA cases. The necessary assumption, for the CSD-based method, is clearly not satisfied at low frequencies, where the power of e presents high peaks at the f d frequencies (while it should have peaks at f t frequencies only). Thus, we can assume that the participants saw these frequencies on the visual display and tried cognitively to respond to them. Therefore, the human force at f d frequencies is not given only by the arm response F adm to the disturbance forces, but contains also components from the visual system F vis . Thus, the admittance estimates are probably corrupted by this wrong assumption; since the PM and CSD-ML methods do not make assumptions about the power content of the visual error and consider the pilot as a multi-loop system, we expect that ARX and CSD-ML methods should give low-frequencies admittance estimates different from those obtained by the CSD-based method, and consistent between them. Figure 18 shows the admittance estimates given by the two methods. It should be noted that CSD-ML method gives admittance FRFs only below 3 Hz, that is the highest value in the f t frequencies. For ARX models, the FRFs can be calculated at all the desired frequencies (f d , f t ). The VAF can be calculated as an indicator of reliability of ARX estimates. The VAF values averaged over all the participants are high for all the tracking tasks (V AF DHA = 90.5%, V AF IHA = 72%, and V AF N oHA = 87%). This means that ARX models can predict the measured output signal well. For CSD-ML there is no indicator for the goodness of the estimates. Both identification methods pointed out the same admittance behaviour found with CSDbased method: the pilot becomes stiffer with IHA, and more compliant with DHA with respect to the NoHA case. Figure 19 shows a comparison between admittance from the three identification methods. As expected, the admittance estimates given by ARX and CSD-ML are different from those given by CSD technique especially at lower frequencies. Only for IHA case the three methods give almost identical results. On the other hand, ARX and CSD-ML estimates appear quite consistent by inspection of figure 19 : CSD-ML estimate differs significantly from that of ARX for the first frequency point only. According to section III.B, this is due to the extrapolation procedure applied at this frequency point. The differences between the admittance estimates given by the three methods are comparable with those found in simulations (see section IV. At low frequencies (f < 0.2 Hz), the magnitude of the admittance estimated by CSD technique is lower than the magnitude given by the other two methods. The opposite occurs at medium frequencies (0.2 Hz < f < 2 Hz), whereas CSD and ARX methods give consistent estimates at higher frequencies. These observations suggest that during a tracking task the admittance estimate given by CSD method could be corrupted if the contribution of the visual response at frequencies f d on the human force cannot be neglected. The pilot model is a closed-loop system and the influence of the visual system must be taken in account during the admittance estimate. Figure 20 shows the admittances as measured during the three pitch tracking tasks, together with those measured during classical tasks. The admittances of all conditions of pitch tracking were between the position and relax task. A similar result, for a tracking task but without haptic aids, was documented in a previous study. 11 The admittances of all tasks converged at frequencies above 10 Hz, where the inertial properties dominate the arm dynamics. At lower frequencies, subjects showed a substantial adaptation range of their admittances. 
VII.C. Visual Response
As explained in section III.B, only ARX and CSD-ML methods allow to compute directly an estimate for the pilot visual response. Figure 21 shows the visual response estimates obtained by ARX and CSD-ML methods. CSD-ML allows estimation only below 3 Hz. Also the FRFs are by ARX is shown below 3 Hz. The general shape of the visual responses is very similar for all the different conditions (NoHA, DHA, and IHA). Apparently participants did not change the dynamics of their response in relation with different haptic aids, but they vary only the gain.
The gain of the visual response is lower for DHA at all frequencies. This is probably due to the "direct" nature of the aid, that provides part of the action needed by the pilot. The pilot is compliant and applies less force with respect to the NoHA case.
It's interesting to note that the gain for IHA is comparable with the gain for NoHA. The haptic aid supports the pilots with forces opposite in sign respect to the DHA and complemented by the neutral point shift; thus the pilot can oppose to the haptic forces and apply a control action to the CD only adopting stiff settings for the arm neuromuscular system. This implies that most of the control action can be generated indirectly by the combination of the IHA system and low values of arm admittance. This control action still generates a visual error; the pilot response to this visual error is similar to the NoHA case.
As shown in figure 22 , the two different identification methods give consistent results. 
VII.D. Open-loop Transfer Function
The open-loop transfer function H OL describes the transfer function from the visual error e to the position of the controlled element x CE and includes the VIS, HAPT, ADM, CD and CE dynamics. Figure 23 shows the open-loop frequency response functions during the tracking tasks with different haptic aids. It should be noted that both CSD-based and CSD-ML methods estimate the open-loop FRF below 3 Hz, that is the maximum frequency point in f t , whereas the FRFs of ARX estimates can be calculated at any frequencies, therefore figure 23 shows only the FRF values below 3 Hz also for the ARX method. According to McRuer theories, 17 the humans adapt their dynamics to those of the controlled element, in order to obtain combined pilot-vehicle dynamics that approximate those of a single integrator around the crossover frequency ω c . These theories were obtained from investigation into pilot control behaviour for single-loop tracking task without haptic aid. For all the tested haptic aids, the pilots adopted a single integrator-like behaviour around the crossover frequency, but we noticed a significant variation of the crossover frequency for IHA with respect to both DHA and NoHA. Figure 24 shows the mean and the 95% confidence interval of the participant's crossover frequency values. The crossover frequency is statistically significantly different in the three different situations (F (2, 14) = 138.31, p < 0.05). A post-hoc test with Bonferroni correction showed that this significant effect can be found between the IHA case and the other haptic aids (p < 0.05). The apparent small increase of ω c from NoHA to DHA is not statistically significant. This means that even though the pilot was more compliant with DHA (section VII.B), he/she adapted the visual system settings to obtain overall behaviour similar in both cases. The large difference between IHA and the other two cases can by explained, in our opinion, by the fact that IHA support system was found easier to be exploited by the test pilots: in most situations, if the human did not make any active control action and only held the stick in the centre, allowed the pilot to reach good performance. The IHA gives an important contribution on the open-loop transfer function. Figure 25 shows that the three identification methods gave consistent estimates of the open-loop transfer function. 
VIII. Conclusion
The paper has presented a novel approach for multi-loop identification of pilot admittance and visual response while performing a tracking task with a compensatory display and haptic stick. The technique was first validated with simulations using pre-defined models, then experimental tests are presented with two different haptic aids based on the DHA and IHA approaches. The results show that the proposed identification techniques are a valid alternative to other techniques, as they do not require assumptions that limit their applicability or freedom of experiment design. Furthermore the paper shows that for aircraft pitch angle tracking the IHA-based controller outperforms the DHA in terms of reference tracking error. The open loop bandwidth of the whole system, including pilot, was found to be significantly larger than with DHA and NoHA motivating the significantly better tracking performance seen during the experiments. As shown in this paper, this change was the result of pilots changing their admittance from compliant to stiff when they were provided with a IHA as compared to an DHA. The increased performance with IHA came at the cost of slightly increased RMS of human force but complemented by a decreased RMS stick deflection.
